The retarding effect o f carbon m onoxide is due to the adsorption o f the gas on the reaction sites, the heat given out in the change being 46 kcal. On the basis o f this value, which implies that the molecule is adsorbed chemically, it is possible to calculate theoretically the order of magnitude of the retardation constant, k2.
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The three separate constants have been evaluated and each has been found to vary exponen tially w ith temperature. From these results the rates of the individual stages o f the mechanism have been calculated.
The first stage is the decomposition of the carbon dioxide molecule into an atom o f oxygen which is adsorbed by the carbon and a m olecule of carbon m onoxide which passes into the gas phase. Only certain sites on the charcoal surface take part in the reaction; th ey represent about 0-5 % of the total area and probably consist of some o f the less firmly bound carbon atom s situated at lattice discontinuities. The rate o f the first stage can be accounted for by assuming th at reaction occurs in those collisions in which the combined energy o f the active carbon atom and the incident carbon dioxide molecule exceeds 68 kcal. The second stage is the evaporation of the adsorbed oxygen atom , together w ith an atom of carbon from the solid, to form gaseous carbon monoxide; the activation energy is thought to be 38 kcal., and the low value of 107 sec." 1 obtained for the non-exponential factor is discussed.
The retarding effect o f carbon m onoxide is due to the adsorption o f the gas on the reaction sites, the heat given out in the change being 46 kcal. On the basis o f this value, which implies that the molecule is adsorbed chemically, it is possible to calculate theoretically the order of magnitude of the retardation constant, k2.
I n t r o d u c t i o n
This investigation form s p a rt of a com prehensive stu d y of th e reactions of th e steam -carbon system . The effect on th e separate reactions of changes in th e p a rtial pressures of th e gases has been described in a previous p ap er (Gadsby, H inshelw ood & Sykes 1946) , in which th e general in te rp re ta tio n of th e m ain kinetic relationships was also discussed. In continuation of th is work, th e detailed m echanism o f th e reactions in w hich solid carbon is converted into gaseous carbon m onoxide has now been studied. The present p aper deals w ith th e results o btained for th e carbon dioxide-carbon reaction, an d an accom panying one w ith those for-th e steamcarbon reaction.
O u t l i n e o f m e t h o d
The principle of th e m ethod is th e com plem entary use of b o th th e flow a n d th e sta tic techniques. The variatio n of th e ra te of reaction w ith th e p a rtia l pressures of th e gases and w ith tem p eratu re is determ ined w ith a flow ap p aratu s. This technique is th e m ost accurate one for th e purpose, since a stead y s ta te under any desired conditions can be m aintained while the m easurem ent is being m ade. The results, however, refer to a whole sequence of elem entary processes and can be in terpreted, as shown previously, in term s of a num ber o f different kinetic schemes. In order to decide betw een th e various possibilities, th e adsorption of th e gases during th e course of th e reaction is studied w ith a sta tic ap p aratu s. These experim ents provide th e inform ation which is required to calculate th e rates of th e individual stages from th e results obtained by th e flow m ethod.
B oth th e carbon dioxide reaction and th e steam reaction are investigated w ith sam ples of th e sam e coconut shell charcoal. A lthough this m aterial contains a small percentage of catalytic im purities, its behaviour has been shown to be sim ilar to th a t of m any different types of carbon (G adsby 1946) . I t is probable, th ere fore, th a t th e im purities m erely influence th e ra te o f one or m ore stages o f a kinetic schem e characteristic of carbon in general. T he properties o f th e im pure substances are of considerable practical im portance, and th eir stu d y is also an essential step in th e solution of th e problem presented by th e catalysis.
E x p e r i m e n t a l t e c h n i q u e
The flow ap p a ra tu s is sim ilar to th a t described previously (G adsby al. 1946), b u t g reater accuracy is obtained by th e use of an im proved m ethod o f tem p eratu re control (G adsby & Sykes 1948) , which regulates autom atically th e d istrib u tio n of tem p eratu re in space as well as in tim e. In this w ay th e tem p eratu re is k e p t uniform to w ithin 2° C over th e whole charcoal colum n a n d does n o t v a ry by m ore th a n ± 0*5° C a t a n y point. D uring each ru n th e controlling therm ocouple is standardized against a platinum /platinum -rhodium one. Im provem ent has also been m ade in th e calibration of th e flowmeters, for w hich an accuracy o f ± 0-3 % is obtained. The am ount o f charcoal is varied from 35 g. a t th e low est tem p eratu re to 8g. a t th e highest tem p eratu re. This ensures th a t only a sm all fraction o f th e carbon dioxide reacts, and consequently th a t its p a rtia l pressure a n d th e to ta l ra te o f flow are approxim ately uniform th ro u g h o u t th e reaction zone. To allow for th e change during each experim ent in th e a m o u n t of charcoal present, th e ra te of reaction for a given com position of th e gas stream is m easured a t least twice, and th e results are ad ju sted by interpolation to refer to 85 % of th e initial am o u n t of charcoal. In all o th er respects th e technique of th e m easurem ents is th e sam e as in th e previous investigation.
In th e sta tic ap p a ra tu s th e charcoal is contained in a silica vessel h eated in an electric furnace. Unless otherw ise stated , th e volum e of th e vessel is 290 c.c. and th e am o u n t of charcoal 10 g. The tem p eratu re is m easured w ith a p latin u m /p la tin u mrhodium therm ocouple, and is controlled to w ithin ± 0*5° C by m eans of a platinum resistance therm om eter in conjunction w ith a relay circuit of th e ty p e describee! by Coates (1944) . Gases to be introduced are first a d m itte d to a section o f th e a p p a ra tu s of know n volum e fitte d w ith a m ercury m anom eter; th e am o u n t su b sequently tra n sfe rre d to th e reaction vessel can th e n be calculated from th e e x te rn al decrease in pressure. A nother m ercury m anom eter m easures th e pressure in th e reactio n vessel, an d th e com position is determ ined b y w ithdraw ing sam ples w hich are analyzed w ith a H ald an e or w ith a B one & W heeler apparatus.. To stu d y th e course of th e reaction, a series o f experim ents is m ade in w hich th e sam e a m o u n t of gas is allow ed to rem ain in co n ta c t w ith th e charcoal for a series o f different tim es. B etw een each experim ent th e reaction vessel is ev acu ated a t th e w orking te m p e ra tu re b y a m ercury v ap o u r pum p for a tim e sufficient to ensure reproducibility. F o r th is purpose periods of from 10 m in. to a few hours were found to be adeq u ate.
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(1) The flow method
The general form of the results M easurem ents are m ade a t six tem p e ra tu re s in th e range 734 to 829° C. T he v a ria tio n o f th e ra te of reaction w ith th e p a rtia l pressure o f carbon dioxide is d e te r m ined by passing th ro u g h th e charcoal colum n a series o f carbon dioxide-nitrogen m ixtures, th e ra te of flow of nitrogen being chosen so as to keep th e to ta l ra te of flow c o n sta n t a t 1200c.c./m in. T he ra te o f reaction, defined as one-half th e ra te o f form ation o f carbon m onoxide per g. of charcoal, is p lo tte d ag ain st th e initial p a rtia l pressure of carbon dioxide on th e left-hand side of figure 1. A t each te m p e ra tu re th e reaction is of fractional a p p a re n t order. To determ ine th e effect of carbon m onoxide, various sm all p a rtia l pressures of it are added, th e p a rtia l pressure o f carbon dioxide a n d th e to ta l ra te of flow being k e p t c o n sta n t b y a d ju stm e n t o f th e ra te of flow of nitrogen. The conditions are such th a t th e ra te of th e reverse reaction is negligible. T he rig h t-h an d side of figure 1, w here th e ra te o f reaction is p lo tte d against th e initial p a rtia l pressure of carbon m onoxide, shows t h a t th ere is a strong re ta rd a tio n over th e whole tem p e ra tu re range. I t m ay be n o ted th a t th e percentage reduction in th e ra te for a given increase in th e p a rtia l pressure of carbon m onoxide is m ore m arked th e lower th e tem p eratu re.
The rate expression I t will first be established th a t th e results a t a n y given tem p e ra tu re can be represented by a n expression of th e form ra te _____ ^l P C Q j ____ 1 + k2p co -l-k3p COi 
I n th e above,
x is th e fraction of th e carbon dioxide reacting, m is th e m ass charcoal, th e superscript zero denotes th e initial value a n d Pqq is th e average partial pressure of carbon m onoxide; k is now defined by th e equati k = k1R T/V , (3) where V is th e to ta l ra te of flow a t th e tem p eratu re T of th e reaction zone. The con ditions w hich m u st be satisfied for equation (2) to be applicable are as follows: (i) th e to ta l ra te of flow is co n stan t th ro u g h o u t th e reaction zone; (ii) th e ra te of diffusion in th e direction of flow is negligible com pared w ith th e ra te o f flow; (iii) In (1 -x )may be expanded w ith neglect o f powers o f x g reater th a n th e second; (iv) 2k2p°COt^>l a n d 2p°o 2>i>co-These requirem ents are fulfilled to a close approxim ation. The to ta l ra te of flow does n o t v a ry by m ore th a n 3-8 % , a n d th e rates of diffusion can be shown b y rough calculation to be less th a n 2-5 % o f th e rates o f flow. The fraction o f carbon dioxide reacting rarely exceeds 0-10 an d is never g reater th a n 0-17. The average value of 2fc2P coa is of th e order o f 50 a n d P c o J P c oi s n°f loss th a n 2-8. E q u a tio n (2) m ay therefore be used to te st th e ra te expression by p lotting m/x against p co for various values of Pco2-The typical results shown in figure 2 are well rep resen ted b y s tra ig h t lines as req u ired b y eq u atio n (2). T he slope a t a given te m p e ra tu re should be equal to k jk a n d should th u s be in slight v a ria tio n observed is n o t system atic a n d is p ro b ab ly due to lack o f com plete rep ro d u cib ility from one exp erim en t to a n o th er. I n figure 3 th e in te rc e p t mlx0 a t 3 0 0 0 Pco = 0 is p lo tte d against Pco2-These in tercep ts are calculated b y su b tra c tin g k2 pco jk from th e values of mlx ob tain ed in th e experim ents w here th e carbon dioxide pressure is v aried w ith o u t th e ad d itio n o f carbon m onoxide. I t can be seen th a t th e linear relation^ _ 1 + &3PCO2 xQ k
(4)
req u ired by equation (2) is obeyed w ithin th e lim its o f error a t each tem p eratu re.
The rate of reaction can th u s be represented closely by equation (1). The values of k1 and k3 are calculated from th e slopes and intercepts of figure 3, and thos k% from the slopes of figure 2; all stra ig h t lines are draw n by th e m ethod of least squares, and the probable errors of th e constants are estim ated from the residuals in the usual way. In figure reciprocal of th e absolute tem perature, th e radii of the circles being equal to th e probable errors. The v ariation of all th ree constants w ith tem p eratu re is ad eq u ately represented by th e stra ig h t lines draw n by th e m ethod of least squares. A concise sum m ary of th e m easurem ents m ay th u s be given as follow s: 
The question of diffusion
I t will be shown th a t th e above constants are independent of th e to ta l ra te of flow, and th u s th a t th e reaction is n o t controlled by diffusion outside th e charcoal granules. The experim ental points in figure 5 represent th e ra te of reaction as a function of th e to ta l ra te of flow. The curves are calculated from the ra te expression assum ing th a t kx, Jc2 an d kz are constant, b u t allowing for th e change in th e p a rtia l pressure of carbon m onoxide. T hey are obtained by solving for x as a function of V in th e expression 1 1 + kzp°COi k2(p°c0 + x p( 5) mkxR T + mkxR T '
V) xV
which follows from equations (2) and (3); th e co n stan t term s ( l+ fc 3p c o 2)/mk1R T and k2jmkxR T are evaluated from th e tw o rates of reaction a t 1200c.c./m in. a t each tem perature. The agreem ent betw een th e experim ental points a n d th e cal culated curves shows th a t th e observed effect is caused entirely by th e change in
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th e p a rtial pressure of th e carbon m onoxide form ed, resulting from th e change in th e ra te of flow. The m uch sm aller variatio n of th e lower set of experim ental points a t each tem perature, obtained in th e presence of an added p a rtial pressure of carbon m onoxide, large com pared w ith th a t form ed in the reaction, strongly supports th e above in terp retatio n . Thus, as previously observed w ith th e coal charcoal, diffusion outside th e granules is n o t an im p o rta n t factor. This conclusion is consistent w ith th e exponential v ariation of th e ra te o f reaction w ith tem perature, which also rules o u t th e possibility of serious interference by diffusion inside th e granules.
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The static method The course of reaction Figure 6 shows th e changes which occur b o th in the. gas phase and on th e carbon surface, w hen carbon dioxide is a d m itte d to a vessel o f volum e 179 c.c. containing 5g. of charcoal. The initial pressure, p®o2> is th e pressure w hich th e carbon dioxide w ould ex ert if n eith er adsorption nor reaction took place; it is calculated, on th e basis o f calibration experim ents w ith argon, from th e am o u n t o f gas introduced. The a m o u n t of oxygen adsorbed is expressed as th e pressure which it w ould ex ert as carbon m onoxide in th e gas phase, and is tak e n to be 2p^0sj -(2pc02+^c0). This stoichiom etric definition m akes no assum ptions a b o u t th e s ta te o f th e oxygen on th e surface an d th u s includes th a t present either as adsorbed carbon m onoxide or in a n y o th er form .
In itia lly th ere is a rap id decrease in th e pressure of carbon dioxide; it is accom panied b y a slightly sm aller increase in th e am ount, o f oxygen adsorbed a n d by a slightly larger increase in th e pressure o f carbon m onoxide. T he first stage is th u s th e reactio n o f th e carbon dioxide w ith th e surface to give an ato m o f oxygen w hich is adsorbed a n d a m olecule of carbon m onoxide w hich passes in to th e gas phase:
The mechanism of the carbon dioxide-carbon reaction T his resu lt is in agreem ent w ith th e w ork of L angm uir (1915) w ith graphite, of B room & T ravers (1932) w ith coconut shell charcoal a n d o f Sem echkova & F ra n k -K am en etzk y (1940) w ith sugar charcoal. T he second stage is presum ably th e ev aporation of th e oxygen as carbon m onoxide:
T he ra te of reaction m ight th u s be expected to be proportional to th e am o u n t of oxygen absorbed, once a n ap proxim ately ste a d y value of th e la tte r has been established. H ow ever, it can be seen from figure 6 th a t, although th e ra te of reaction falls continually, th e a m o u n t o f oxygen adsorbed a t first rises a n d th e n rem ains su b stan tially constant. F u rth e r evidence for th e behaviour o f th e oxygen is given in figure 7 , where th e reaction is followed m uch m ore n early to com pletion. Two explanations m ay be proposed; th e progressive adsorption of carbon m onoxide m ay com pensate for th e expected decrease in th e am o u n t of oxygen w hich is transferred from carbon dioxide to th e surface, or th e reaction m ay tak e place on sites of suc cessively decreasing reactiv ity . T h a t th e adsorption of carbon m onoxide is an im p o rta n t factor is suggested by th e following experim ents. M ixtures of carbon dioxide a t various pressures an d o f carbon m onoxide a t a large co n stan t pressure are introduced, a n d analyses are m ade a fte r each m ix tu re has been in contact w ith th e charcoal for 20 m in. T ypical results obtained a t 750° C are recorded in th e first four rows of tab le 1.
The wide v ariatio n in th e pressure of carbon dioxide is n o t accom panied b y a corresponding change in th e a m o u n t of oxygen adsorbed, w hich follows m ore closely th e sm aller variatio n in th e pressure o f carbon m onoxide. A large p a rt of th e oxygen on th e surface during th e late r stages o f th e reaction is th u s probably due to th e adsorption of carbon m onoxide. T he figures in th e last tw o rows were obtained w ith o u t th e addition o f carbon m onoxide. Com parison w ith th e values above shows th a t, a t co n stan t pressure of carbon dioxide, th e am o u n t of oxygen adsorbed does n o t v a ry g rea tly w ith change in th e pressure of carbon m onoxide. T his resu lt can be u n d erstood on th e basis of th e com petitive ad so rp tio n of oxygen from carbon dioxide a n d o f carbon m onoxide. I t also im plies th a t th e a lte rn a tiv e re ta rd a tio n m echanism , rep resen ted by th e reverse o f eq u atio n (6), does n o t in fac t m ake a n y im p o rta n t c o n trib u tio n ; otherw ise increase in th e pressure of carbon m onoxide w ould lead to a m ark ed decrease in th e am o u n t of oxygen adsorbed. I t is probable, therefore, th a t th e a d so rp tio n of carbon m onoxide is th e facto r w hich causes th e reaction to be re ta rd e d b y th a t gas.
The adsorption of carbon monoxide
T he following results show th a t th e behaviour o f carbon m onoxide is consistent w ith th e proposed m echanism o f reaction. In figure 8 th e decrease of pressure w hich occurs w hen th e gas is in tro d u ced is p lo tte d against tim e. Since only sm all am ounts
The mechanism of the carbon dioxide-carbon reaction 367 203 mm. o f carbon dioxide are form ed, th e curves represent closely th e e x te n t to w hich carbon m onoxide is adsorbed. Com parison w ith figure 6 shows th a t th e adsorption is slow com pared w ith th e initial reaction of carbon dioxide. W ithin 10 m in., however, th e g rea ter p a rt o f th e a dsorption has tak e n place, so th a t th e process m ight be expected to be significant in th e late r stages of th e reaction. The am o u n t finally adsorbed, ta k e n as th e decrease of pressure less th a t of th e carbon dioxide form ed, is p lo tted in figure 9 against th e pressure of th e carbon m onoxide rem aining in th e gas phase. I t can be seen th a t th e am o u n t of oxygen on th e surface in th e late r stages of th e reaction (table 1) is sim ilar to th e am o u n t of carbon m onoxide which w ould be adsorbed. However, while th e e x te n t to which carbon m onoxide reta rd s th e reaction decreases rapidly as th e tem p eratu re is raised (k2, figure 4) , th e adsorption isotherm is roughly independent of tem perature. To avoid this difficulty, it m ay be supposed th a t, in addition to its reversible exotherm ic adsorption on th e reaction sites, carbon m onoxide is also adsorbed on less active p a rts of th e surface. I f equilibrium w as n o t established w ith respect to these la tte r sites, th e num ber occupied would increase w ith rise o f tem perature, and th e to ta l adsorption m ight th u s rem ain approxim ately constant.
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J. Gadsby, F. J. Long, P. Sleightholm and K. W. Sykes The to ta l area of th e charcoal has been estim ated from th e adsorption isotherm for w ater vap o u r a t room tem p e ra tu re to be 3 x 106cm .2g.-1 (Kipling, unpublished work). To cover this area w ith a close-packed layer of carbon m onoxide a b o u t 3 x 10_3g.mol. would be required. U p to 1*5 x 10~5g.mol. of carbon m onoxide is adsorbed by 1 g. of charcoal (figure 9) and th e largest am o u n t of oxygen ever observed on th e surface during th e reaction (figure 6) is equivalent to 8-7 x 10-6 g.m ol.g.-1. I t is clear, therefore, th a t only a sm all fraction o f th e charcoal surface takes p a rt in th e reaction under these conditions. The estim ation o f th e area represented by th e active sites is com plicated by th e assum ption th a t carbon m onoxide m ay also be adsorbed on o th er p a rts of th e surface, b u t 0-5 % of th e to ta l area is th o u g h t to be of th e correct order of m agnitude.
The effect of argon and nitrogen
The assum ption th a t diffusion is n o t an im p o rta n t factor, even in th e sta tic ap p aratu s, can be justified by th e fac t th a t th e reaction is n o t reta rd e d b y an in e rt gas. F igure 10 shows t h a t th e ad d itio n of argon sufficient to increase th e to ta l pressure b y a fac to r of four is w ith o u t effect on th e reaction. A lthough these ex p eri m en ts rule o u t th e possibility th a t conditions outside th e charcoal granules m ig h t have been different in th e absence o f th e flow, th e y a d d no in form ation to t h a t provided b y th e te m p e ra tu re coefficient a b o u t th e situ a tio n in th e finer pores inside th e granules. T here th e ra te of diffusion is lim ited b y collisions w ith th e walls, since th e d iam e te r o f th e pores is o f th e order of 10_7cm. (K ipling, unpublished w ork), a n d is th u s sm aller th a n th e m ean free p a th of a b o u t 10-4 cm. a t a pressure o f 200 m m . A nalogous experim ents w ith nitrogen, also illu strate d in figure 10, show th a t th is gas has no specific effect on th e reaction, a n d so ju stify its use as th e in activ e carrier in th e flow a p p a ra tu s. 
The rate of reaction
A lthough th e sta tic m ethod is u nsuitable for accurate m easurem ent of th e ra te o f reaction, th e following observations provide some fu rth e r su p p o rt for th e con clusions which have already been reached.
In tab le 2 th e ra te o f reaction is com pared w ith th e values expected on th e basis of th e flow experim ents. The first tw o colum ns give th e pressures of carbon dioxide a n d carbon m onoxide a t various stages of th e reaction represented in figure 6. T he observed rates of reaction are obtained by draw ing tan g en ts to th e graph of the to ta l pressure as a function of tim e, and the calculated ones by su b stitu tin g in equation (1) th e pressures in th e first two columns and th e values of th e constants obtained in th e flow experim ents. A sm all correction is also m ade for th e reverse reaction. A lthough initially th e observed ra te exceeds th e calculated one, there is good agreem ent in the later stages. H ow ever, since it is only adsorbed slowly, the carbon m onoxide form ed in th e initial reaction of th e carbon dioxide w ith th e surface cannot ex ert its full retarding effect im m ediately; it is only in th e late r stages th a t a stead y s ta te should be approached. The a ltern ativ e re ta rd a tio n m echanism , represented by th e reverse of equation (6), would require th e untenable hypothesis th a t th e initial reaction o f th e carbon dioxide a t first goes far beyond an equilibrium position to which it subsequently returns. I f th e initial tran sfer of th e oxygen atom to the surface takes place in an end-on collision of the carbon dioxide molecule, th ere is, however, no reason w hy th e carbon m onoxide form ed sim ul taneously should n o t pass directly into th e gas phase and only be adsorbed su b sequently. The possibility th a t th e high initial ra te o f reaction is due to th e greater intrinsic reactiv ity of th e fresh carbon surface would ap p ear to be ruled o u t by th e following experim ents. The ra te of increase of pressure is m easured in th e first few seconds a fte r th e in tro d u ctio n o f carbon dioxide. The results should be equal to th e rate s of reaction a t th e pressures o f carbon dioxide introduced, less corrections for th e following factors. T he pressure of th e carbon dioxide is lowered by th e in itial tra n sfe r o f oxygen to th e surface, a n d th e carbon m onoxide so form ed reduces th e ra te o f increase of pressure b o th b y its adsorption a n d b y th e consequent reta rd a tio n . N ow th e cor rections for all these factors te n d to zero as th e initial pressure is reduced; th e ra te o f reaction, divided by th e in itial pressure of carbon dioxide a n d e x tra p o la ted to zero value of th e la tte r, should th u s be equal to th e c o n sta n t kx of eq u atio n (1).
T able 3 shows th a t th e values so obtain ed are in reasonable agreem ent w ith those determ in ed by th e flow m ethod.
(3) Summary of conclusions T he experim ental results can now be sum m arized a n d th e rates of th e individual stages of th e reaction calculated from th e m easurem ents m ade by th e flow m ethod. T he experim ents w ith th e sta tic a p p a ra tu s suggest th a t th e im p o rta n t steps are th e following:
C02-^( 0 ) + C0,
C + ( 0 ) -£ -C 0 ,(8)
C O~±(C O ). (10)
it T he re ta rd a tio n by carbon m onoxide is due to th e adsorption of th e gas on th e reaction sites, w hich represent ab out 0*5 % of th e to ta l surface of th e charcoal.
A ssum ing th a t th e sites are equivalent, independent a n d each capable of adsorbing one ato m of oxygen or one m olecule of carbon m onoxide, it can be show n (G adsby et al. 1946) th a t th e ra te of reaction in th e ste a d y s ta te is given by ra te = -
E q u a tio n (11) is of th e sam e form as th e ra te expression, eq u atio n (1), an d is th u s consistent w ith th e results of th e flow experim ents. I f th e co nstants in equation (11) are identified w ith th e corresponding ones in equation (1), th e following values are ob tain ed for th e ra te s of th e individual stages of th e reaction: 
i j j 2 = k2 = io-7-9±0-7e+45-5°o±3,5oo/« ra tm -1.
T he exponential term s in equations (12) and (13) give th e a c tiv atio n energies of th e corresponding processes. T h a t in equation (14) represents th e difference betw een th e a c tiv atio n energies for adsorption a n d desorption, a n d th u s th e energy given o u t w hen carbon m onoxide is adsorbed on th e reaction sites. To in te rp re t th e results on th e basis of th e a lte rn a tiv e re ta rd a tio n m echanism (equation (27) G adsby et al. 1946) w ould lead to th e impossible a ctiv atio n energy of -17 kcal. for th e reaction of carbon m onoxide w ith adsorbed oxygen to reform carbon dioxide. The explanation of th e re ta rd a tio n as due to th e adsorption of carbon m onoxide is th u s to be preferred on energetic as well as on o th er grounds.
The fac t th a t th e n e t energy required for th e evaporation of carbon m onoxide (46 kcal.) is greater th a n th e observed activation energy (29 kcal.) for th e conversion of adsorbed oxygen into gaseous carbon m onoxide supports th e distinction betw een adsorbed oxygen and adsorbed carbon m onoxide.
D i s c u s s i o n
I t is shown below th a t th e m ain features of th e reaction can be in te rp re te d on th e basis of simple theoretical principles. The general conclusions are com pared w ith those reached by Sem echkova & F ran k -K am en etzk y (1940) a b o u t th e reaction o f carbon dioxide w ith sugar charcoal.
The active sites. I t is reasonable to suppose th a t th e active sites consist of some of th e less firmly bound carbon atom s, since th e la tte r are best situ a te d , n o t only to form th e required bonds w ith oxygen or carbon m onoxide, b u t also subsequently to detach them selves from th e rest of th e solid. M any o f th e surface atom s, as, for exam ple, those in th e m iddle of a layer of th e graphite stru ctu re, m u st be exerting th eir full valency in com bination w ith neighbouring atom s. In a m icro-crystalline m aterial, however, such lattice planes are of lim ited e x te n t, a n d a t th eir edges ato m s form ing fewer bonds will be found. I f some of these are th o u g h t to be th e active ones, th e fac t th a t th ey represent only a fraction of th e to ta l surface finds a n a tu ra l explanation in term s of th e stru c tu re of th e charcoal. The first stage of the reaction. I n th e in itial reaction of th e carbon dioxide m olecule w ith th e surface an atom of oxygen is adsorbed and a m olecule of carbon m onoxide passes into th e gas phase. I t m ight have been expected, however, th a t th e oxygen a n d th e carbon m onoxide would be adsorbed sim ultaneously. Carbon m onoxide itself can be adsorbed alone, a n d th e exotherm icity o f th e change (46 kcal.) m ig h t well have facilitated th e dissociation of th e carbon dioxide; th e fact th a t th e active sites are those w hich do adsorb carbon m onoxide strongly w ould also h av e been explained. Unless th e special assum ption th a t each active carbon atom is surrounded only by inactive ones is m ade, th e experim ental result im plies th a t th e carbon m onoxide does n o t come in to direct co n tact w ith th e carbon, a n d consequently t h a t th e process tak es place in an end-on collision of th e carbon dioxide m olecule w ith th e surface. The sim ultaneous adsorption of th e oxygen a n d th e carbon m onoxide w ould clearly require a broadside-on collision. T h a t th e end-on configuration is, in fact, th e m ost favourable one for reaction is suggested by th e w ork o f B uschm ann & Schafer (1941) on th e dispersion of supersonic waves in carbon dioxide. I t was found th a t tran slatio n al energy is m ore readily tran sferred to th e valency th a n to th e deform ation vibrations of th e molecule. I t is reasonable to suppose, therefore, th a t th e end-on collisions are th e m ost favourable for th e conversion of tra n sla tio n a l energy into vibrational energy, and th u s for th e disruption of th e m olecule on reaction.
T he order of m agnitude of th e ra te of this stage of th e reaction can be accounted for theoretically as follows. I t will be assum ed th a t th e change occurs w hen a carbon dioxide m olecule collides w ith a n active site, provided th a t energy g rea ter th a n E* is available. F o r th is purpose no allow ance need be m ade, a t least to a first a p p ro x i m ation, for th e possible effect o f orien tatio n . T he n a tu re of th e process suggests th a t th e a c tiv atio n energy m ay be shared betw een th e tra n sla tio n a l m otion of th e carbon dioxide, th e in te rn al v ib ratio n s of th e m olecule a n d th e v ib ra tio n o f th e carbon ato m to w hich th e oxygen is tran sferred . I t can be show n th a t th e ra te a t w hich molecules o f m ass m a n d tra n sla tio n a l energy g reater th a n E collide w ith a surface o f area A is equal to A p (l + E IB T )e-ElRT (2nmkT)i ' where p is th e pressure of th e gas. A s ta n d a rd m eth o d (e.g. Fow ler & G uggenheim 1939, p. 497 ) th e n gives for th e ra te of reaction, w hen th e a c tiv a tio n energy E* is shared betw een th e tra n sla tio n a l m otion an d s m odes of vib ratio n , H ere E*/RT, w hich is of th e order o f 30, is m uch g rea ter th a n 5 + 2, a n d th u s a good ap p roxim ation is ra te
Since th e experim ental results have been represen ted b y an expression of th e form ra te = K iP cot e (16) th e tru e a c tiv atio n energy E* should be equal to E 1 + (s + §■) R T , a n d th e theoretical value o f th e non-exponential factor should be given by 
T he value o f s is tak e n to be 3, since th e v ib ratio n of th e carbon ato m perpendicular to th e surface a n d th e tw o valency vibrations of th e carbon dioxide are th e m odes w hich m ig h t reasonably be expected to co n tribute to th e a ctiv atio n energy. A, th e to ta l effective area of th e active sites, is assum ed on th e basis of th e adsorption m easurem ents to be 0 5 % o f th e to ta l surface a n d th u s to be 1*5 x 104cm .2g.-1. F o r E x th e experim ental value of 59kcal. is su b stitu te d ; as th e m ean tem p e ra tu re of th e m easurem ents is 782° C, E* is equal to 68kcal. I f th e result is expressed in g.mol. m in.-1 a tm .-1 g .-1, th e calculated value of k01 becomes 1080 w hich is to be com pared w ith th e observed value of 108'8±°'6. The agreem ent obtained suggests th a t th e ra te of reaction is determ ined m ainly by th e energetic considerations o u t lined above, and can th u s be understood in term s of fam iliar kinetic principles.
The second stage of the reaction. G eneral th eo ry suggests th a t th e ra te a t w hich adsorbed oxygen form s gaseous carbon monoxide* should be represented a p p ro x i m ately by th e expression . = nveẼ .
The q u a n tity v is th e frequency of th e ap p ro p riate vibration, and e~E'IItT is th e chance th a t th e required energy is available; n represents th e a m o u n t of carbon m onoxide equivalent to th e to ta l num ber o f active sites, because relates th e ra te of reaction to th e fraction of th e sites occupied. Since th e observed activ atio n energy o f 29 kcal. is equal to E x -E3, it is probable, in view of th e corre th a t Et is greater by ( s + f ) R T an d is th u s equal to 38 kcal. T consequently be calculated from the relation v = j 03 e(8+,)/w.
On su b stitu tin g th e observed value of th e non-exponential factor j 03 recorded in equation (13), and th e experim ental value o f 1*5 x 10-5 g.mol. g.-1 for n, it is found th a t v is equal to 107'3±°'9sec.-1.
A sim ple kinetic tre a tm e n t of th e evaporation of solids (Frenkel 1946, p . 1) identifies v w ith th e frequency of the free vibrations perform ed by th e surface atom s, which is presum ably ab o u t 1013 sec.-1. The application of th e tra n sitio n s ta te theory to evaporation (Glasstone, Laidler& E yring 1941, p. 354) gives th e factor IcT/h, which is also of th e order of 1013 sec.-1 a t th e tem p eratu res under discussion. The calculations of P olanyi & W igper (1928) a n d of S later (1939) suggest th a t, in general, when one particu lar bond m u st be broken for reaction to occur, v should be o f th e sam e order of m agnitude as th e frequency of th e norm al vibrations. T hus, although th e experi m ental value is n o t a very accurate one, it would seem th a t some factor tending to reduce th e ra te of reaction rem ains to be tak e n into account. Low probabilities of reaction are often due to th e necessity for a tra n sitio n betw een tw o different types of electronic sta te . A nother possible explanation m ay lie in th e fact th a t th e carbon ato m carrying th e oxygen ato m is p robably a tta c h e d to a t least tw o neighbouring carbon atom s. More th a n one bond m u st therefore be broken, and a relatively rare coincidence of th e phases o f a considerable num ber of vibrations m ight consequently be required.
The retardation by carbon monoxide. The conclusion th a t th e re ta rd a tio n is due to th e adsorption o f carbon m onoxide is sup p o rted by th e observed v ariatio n o f k2 w ith tem p eratu re. F rom th e la tte r it is deduced th a t th e h e a t of adsorption is .46 kcal., while theoretically a large energy change of th is m agnitude, which implies th e form ation of a chem ical bond w ith th e surface, is required for the gas to be strongly adsorbed. The problem of w hy th e sites which rea c t w ith carbon dioxide should necessarily ta k e up carbon m onoxide is discussed in th e n e x t paper; here it will be shown th a t, given th e experim ental h eat o f adsorption, is of a theoretically reasonable order of m agnitude.
The kinetic derivation of th e L angm uir isotherm leads to th e expression
for th e fraction ( 6) of th e active sites occupied a t a given pressure (p), a n d j2 are th e ra te constants for adsorption a n d desorption respectively. As k2 has already been identified w ith th e ratio i 2/ j 2 (equation (14)), it should th u s be equal to th e characteristic c o n sta n t of th e L an g m u ir isotherm . S ta tistica l m echanics gives for th e non-exponential p a rt of th e co n sta n t
where m is th e m ass an d I th e m om ent of in ertia of th e carbon m onoxide m olecule, h is P la n c k 's c o n sta n t a n d / v is th e v ib ratio n al p a rtitio n function (Fow ler & G uggen heim 1939, p. 427) . T he p ro d u ct o f th e v ib ratio n al p a rtitio n functions is unlikely to differ from u n ity b y m uch m ore th a n a facto r o f 10 an d is th u s n o t a very im p o rta n t te r m ; it can, w ith sufficient accuracy, be w ritte n (1 -e~hvalkT)~5. The frequency o f th e isolated m olecule is assum ed to be unchanged on adsorption a n d th e five ad d itio n al frequencies are given an average value, va, o f 1000 cm .-1. Since th e increase of th e v ib ratio n al term a n d th e decrease o f th e o th er term s w ith tem p e ra tu re roughly cancel, no correction is m ade for th e tem p e ra tu re dependence of kQ2. I f th e result is expressed in a tm .-1, th e calculated value o f k02 becomes 10-10'1, w hich is roughly sim ilar to th e observed value of 10-7'9±°'7. T he m easure o f agreem ent o b tained provides fu rth e r su p p o rt for th e proposed m echanism of reaction.
Comparison with previous work. T he reaction of carbon dioxide w ith pure sugar charcoal, w ith sugar charcoal containing iron a n d alum inium a n d w ith coke has been studied by Sem echkova & F ran k -K am en etzk y (1940), who used th e sta tie m ethod. The fac t th a t th e behaviour of all these m aterials was found to follow a ra te expression of th e sam e form as equation (1) an d could be in te rp re te d by a m echanism sim ilar to th a t deduced for coconut shell charcoal supports th e suggestion of a kinetic schem e characteristic of carbon in general. A detailed com parison w ith th e present investiga tion reveals, however, a num ber of features which require fu rth e r com m ent. A lthough th e possibility th a t only certain sites are active was n o t m entioned by Sem echkova & F rank-K am enetzky, it is n o t excluded by th eir experim ental results. The gas adsorbed was estim ated to cover an area sim ilar to th a t found for th e to ta l surface by m eans o f m ethylene blue, b u t it is now know n (e.g. B runauer 1944, p. 277) th a t th e dye adsorption m ethod usually gives values which are m uch too low. In th e schem e proposed for th e reaction m echanism , no distinction was m ade betw een adsorbed oxygen a n d adsorbed carbon m onoxide. The effect of carbon m onoxide was not, in fact, determ ined directly, so it was assum ed, in order to evaluate th e ra te constants kx and k3, th a t h P co + h P c o t = h P c o 2 (22) a t com parable values of p co a n d Pco2-F o r coconut shell charcoal from 734 to 829° C, k2 decreases from 93 to 13 a tm .-1, while increases from 1*0 to 3-8 a tm .-1; th e application of equation (22) would th u s lead to erroneous values for th e constants. W ith an o th er ty p e of charcoal, however, th e carbon m onoxide term m ight be less im p o rtan t.
F o r th e first stage of th e reaction Sem echkova & F ran k -K am en etzk y found an activ atio n energy of 27 kcal. and a steric factor of 10-5. Since practically identical values were obtained for all the m aterials studied, it was argued th a t th e process is n o t affected by th e s ta te of th e carbon surface, and therefore th a t an energy of 27 kcal. possessed solely by th e carbon dioxide molecule should invariably be required. The present investigation gives an activation energy of 68 kcal., which is th o u g h t to be shared am ong all th e degrees of freedom concerned; m oreover, no steric factor need be introduced. There is m uch greater sim ilarity betw een th e results obtained for th e second stage of th e reaction. The observed activation energy is 61 kcal. for pure sugar charcoal (0*07 % ash) and 23 kcal. for a sam ple containing 7 % of iron; th e corresponding non-exponential factors are 109 and 102sec.-1 respectively. This range of values includes th e figures of 29 kcal. an d 107sec.-1 now obtained for a coconut shell charcoal of w hich th e irpn co ntent (0*15 %) is in te r m ediate betw een th e above extrem es. In view of th e m arked influence of the im purities, however, it is clear th a t th e satisfactory correlation of th e detailed behaviour of different types of carbon m ust aw ait th e elucidation of th e fundam ental features of the catalysis.
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